Abstract. The reliability for each measurement technique depends on the knowledge of it's uncertainty and the sources of errors of the results. Among the different techniques for optical measurement techniques for full field analysis of displacements and strains, digital image correlation (DIC) has been proven to be very flexible, robust and easy to use, covering a wide range of different applications. Nevertheless the measurement results are influenced by statistical and systematical errors. We discuss a 3D digital image correlation system which provides online error information and the propagation of errors through the calculation chain to the resulting contours, displacement and strains. Performance tests for studying the impact of calibration errors on the resulting data are shown for static and dynamic applications.
Introduction
In the recent years optical full-field measuring techniques are increasingly being used in research and industry as development and design tools for improved characterization of materials and components. Besides moiré or interferometer based techniques the digital image correlation method is widely used for full-field three dimensional displacement measurements of objects under static and dynamic load [1] [2] [3] . Digital Image Correlation (DIC) is a full-field image analysis method, based on grey value digital images, that can determine the contour as well as the three dimensional displacements of an object under load. The field of view is flexible and can varies from mm 2 up to m 2 , with a resolution of down to 10 -5 of the filed of view. Therefore for an A4 paper sized field of view a resolution of a few µm is attainable. Even more large displacements can be measured, allowing the determination of rather small surface deformations in the presence of large rigid body movements of the specimen. Measurable strains range from zero (strain resolution of ~0.1%) up to large strains of more than 100%. Thus DIC allows the characterization of material parameters far into the range of plastic deformation. The dynamic range is wide, from static load up to several 10 kHz An accurate calibration of the imaging system prior to the measurement is a crucial point for ensuring the reliability of the measured data, as calibration uncertainties show up as systematical errors in the measurement results. The presented system provides estimations of the present calibration errors, as well as statistical uncertainties of the measurement results. Especially for the analysis of transient phenomena an early stage estimation of the expected measurement accuracy is very helpful in designing the experimental conditions.
Principle of Digital Image Correlation
The principal of DIC is similar to the stereoscopic view of human vision: Two imaging sensors are looking from different positions and perspectives on an object. Using such a stereoscopic camera setup (Fig. 1) , each point of the specimen surface is focused onto a specific pixel in the image plane of the respective camera. With the knowledge of the imaging parameters for each camera (intrinsic parameters: focal length, principle point and distortion parameters) and the relative positions and orientations of the cameras with respect to each other (extrinsic parameters: rotation matrix and translation vector), the 3D position (coordinate) of each surface point can be calculated. Each object point on the specimen surface is identified by the two cameras with the help of a randomized statistical intensity pattern, which is applied as a stochastic texture to the object prior to the measurement. A correlation algorithm identifies homologous points in the two camera images (i.e. image points, which correspondent to the same object point) by subdividing the first camera image into small sub-images, so called facets. The correlation algorithm determines a suitable transformation of each of the facets, which matches the homologous area in the second camera image. These transformations are determined for every loading step of the object under test, thus the facet deformations are followed during the loading process. The size and the spacing of these facets can be varied, influencing accuracy and speed of evaluation [4, 5] .
The correlation algorithm, which is used for these investigations, is based on a pseudo-affine coordinate transformation with 10 variables, where the transformations are described by a combination of translation, rotation, stretch, shear, distortion and photogrammetric corrections [4] .
Error Classifications
The determination of the 3D coordinates of an object point can be divided into the identification of homologous points in the two cameras and the back projection and reconstruction of these points in space. Therefore the sources of error can be divided into error sources, which influence the accuracy of the image correlation, are called "correlation errors", contrary to calibration errors, which have a direct impact on the reconstruction of the 3D coordinates of correlated image facets. These errors are called "reconstruction errors". In the following paragraphs both error sources are discussed separately.
Correlation Errors. The Correlation errors can be subdivided in statistical and systematical errors. Statistical errors are caused mainly by noise of the camera images, but also due to the limited number of image pixels in the facets, the limited number of gray values as a matter of camera digitalization, and finally by the fact, that the facet positions have to be determined with sub-pixel accuracy. The statistical noise is influenced by a number of environment conditions, preset by the hardware setup of the system, as there is intrinsic camera noise, photon shot noise, different illumination conditions for the two cameras, image intensity contrast, as well as spatial contrast of the stochastic pattern, which is applied to the surface of the specimen. Reconstruction Error. The imaging parameters (internal and external) are determined in an online calibration procedure, which is integrated in the measurement software of the presented correlation system. An exposure series of a calibration target is taken with both cameras simultaneously, while the target is put into different spatial orientation. Internal as well as external calibration parameters are determined online, including an estimation of corresponding uncertainties.
The imaging model used is based on a pin hole or "Plumb" model (Fig. 3) . According to this the projection of the object point on the CCD is defined by the intersection of the line from the object point through the principle point of the imaging system and the CCD [5, 6] . The distance of the principle point to the image plane is the focal length f, the projection on the image plane gives the position of the optical axis on the CCD. 
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Applications
A variety of potential applications have already been emerged for digital image correlation systems [7] . Since this technique is based on the analysis of series of gray value images, displacement and strain analysis of static as well as dynamic events can be performed. In the following we present recent studies where a DIC system was used in combination with conventional techniques to prove the accuracy and dynamic measurements of displacements and strains up into the kHz range.
Tensile Test Measurements For this experiment a standard tensile steel sample was prepared with a strain gauge and placed in a tensile testing machine. During the constant increase of the load, the displacement of the sample was simultaneously measured using a laser based full field speckle interferometer (Dantec Dynamics ESPI Q-300 System) and a Digital Image Correlation System (Dantec Dynamics Q-400) with "standard" cameras with 1390 x 1040 pixels resolution [8] .
For the ESPI system a preload is required, so the strain for all systems was set to 0 strain at a load of about 0.6 kN. The load was increased up to 7 kN. The results for the different techniques (ESPI, DIC, strain gauges) are presented in Fig. 4 . For ESPI and DIC the strain is calculated as a mean value over the width of the sample at the position of the strain gauge. The largest deviations were measured between the DIC and the strain gauge, although the differences are still smaller than 0.03 mStrain. 
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Vibration of a Beam
Validations of DIC measurement data for a vibrating object were done using a bending beam. The chosen beam has a dimension of 3 x 40 x 150 mm³ and was clamped in horizontal direction on a shaker exciting in vertical direction. The first two Eigenfrequencies of the beam are at about 100 Hz and 635 Hz. The setup for the experiments is shown in Fig. 5 . A Dantec Dynamics Q-450 high speed image correlation system (Nanosense MK III cameras, 1kHz frame rate @ 1280 x 1024 pixel) was used. For this measurement the number of pixels was reduced in order to increase the frame rate up to 2 kHz [9] . Considering the uncertainty of the correlation process, the Q-400/450 DIC systems have the ability to calculate the estimated uncertainty (for contour, displacement and strain data) for each measured data point by the use of error propagation. These data give the user a quantitative feedback about the accuracy he could expect for each measurement and each data point. In the first step the absolute displacement amplitude measured with an accelerometer and the Q-450 system was compared.
The amplitudes measured for the first Eigenfrequency show an excellent agreement with 2.725±0.012 mm (Q-450) and 2.693±0.088 mm (accelerometer). The amplitude of the second Eigenfrequency was approximately 50 times smaller than for the first one. The agreement between the two techniques still was excellent where the Q-450 system measured a displacement of 0.054 ± 0.012 mm and the accelerometer 0.060 ± 0.002 mm [9] . 
Applied Mechanics and Materials Vols. 7-8
The comparison of the bending curves (Fig. 6) , given by the theory and resulting from the measurements with the Q-450 system, results in a very good agreement. The deviations are below 20 µm. Only close to the fixation point of the beam a difference between the theoretical and experimental data is seen, which might be caused by not ideal fixation of the beam.
Summary
This paper shows that recent developments of digital image correlation systems have significantly enhanced the use of DIC. An analyses of the different error sources shows the influence of the different parameters of the cameras on the accuracy which can be achieved using this technique. Special improvements in the calibration procedure ease the handling of the system, reduce the calibration time and enhance the reliability of the results.
A comparison with other techniques (strain gauge and ESPI) has proven that the accuracy of the DIC technique is sufficiently high in order to resolve strains in the sub mStrain range. Due to the modular concept of the hardware and the software the presented system can be used for a wide range of applications. The use of high speed cameras offers the possibility of measuring full field displacements and strain fields for harmonic as well as for transient events. Besides the calculation of the amplitude with a high resolution and a large dynamic range the phase of the vibration for each object point is available as well. Also here a very good agreement with the results of other techniques is demonstrated.
